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We present the fabrication and characterization of an optical antenna that converts the dipolar
radiation of a quantum emitter to a directional beam with 99% efficiency. Aside from its implications
for efficient detection of nanoscopic emitters, this antenna facilitates a deterministic single-photon
source with applications in quantum information processing, metrology and sub-shot-noise detection
of absorption. We discuss the photophysical limitations of the currently used quantum emitters for
the realization of such a device.
There is a great deal of interest in the optics commu-
nity for efficient collection of light from atoms, molecules,
quantum dots or other nanoscopic emitters [1–3]. One of
the motivations concerns the detection of weak traces
of fluorescence in biophotonics, where studies of chro-
mophores with low quantum yield [4] or imaging of fast
dynamical phenomena [5, 6] are desirable. Similarly,
spectroscopy of weakly-emitting quantum systems such
as rare earth ions [7] and color centers can benefit from
higher count rates. Another fascinating prospect is in the
realization of a new primary intensity standard based on
a known flux of single photons obtained from an isolated
quantum emitter through pulsed excitation [8]. A very
different area of interest is in quantum optics with promi-
nent applications in sub-shot-noise detection [9], quan-
tum communication [10], and quantum computation [1].
In these applications losses quickly compromise the per-
formance. For example, it is often stated that efficiencies
on the order of 99% are required for practical quantum
computing [3]. In quantum key distribution, low losses
are desirable both for increased data transmission rates
and for higher security of the connection.
Many different approaches have been explored for
achieving high collection efficiency from single emitters.
For example, a deep parabolic mirror has been used to
extract light from an atom in a trap [11], however this so-
lution is incompatible with most applications in the con-
densed phase. Another strategy has been to manipulate
the density of states in microcavities [12], but the need for
operation under resonance conditions and the difficulty
of fabrication have hampered collection efficiencies close
to unity. Novel geometries using nanowires and their
combination with cavity arrangements also hold promise
for high collection efficiency [13, 14], but practical com-
bination of these solutions with generic emitters is non-
trivial and yet to be demonstrated. Recently, plasmonic
nanostructures have also been combined with concepts
from antenna theory and near-field optics to introduce
directionality to the radiation pattern of emitters [15, 16].
Unfortunately, however, near-field coupling to metals is
intrinsically accompanied by substantial losses.
Three years ago, we devised a new antenna concept
based on planar dielectric structures [17]. In that work,
we experimentally demonstrated 96% collection efficiency
from a single molecule that was oriented normal to the
antenna plane. The noise on the light generated by a per-
fect emitter in such an antenna is reduced to 20% of the
shot noise value. This can be deduced from
√
xN(1− x),
which describes the fluctuation in the number of detected
photons with an average value N and loss factor x [9].
Improvements beyond a certain noise level become in-
creasingly more difficult to achieve. For example, a col-
lection efficiency of 99% would reduce the noise to only
about 10% of the shot noise value, corresponding to 10
dB intensity squeezing.
Motivated by the need for low-noise light sources and
the desire to generalize our planar dielectric antenna
to arbitrarily oriented emitters, we proposed a metallo-
dielectric antenna design for reaching collection efficien-
cies exceeding 99% for any orientation of the emitter
dipole moment [18]. In this article, we report on the
first fabrication and characterization of such an antenna
and elaborate on the subtleties involved in the realization
of a single-photon source with 99% efficiency.
Figure 1a sketches the main ingredients of a planar
metallo-dielectric antenna. The general requirement of
n1 > n2 > n3 remains the same as the previously-
discussed dielectric antenna [17]. However, to capture
and redirect any leakage in the direction normal to the
antenna plane, we add a mirror on the far side of the n3
medium. The simplest experimental realization of this
structure is to use a metallic mirror at a large enough
distance from the n2 − n3 interface to avoid coupling to
surface plasmons.
In this work, we have chosen to perform our experi-
ments with semiconductor nanocrystals. In particular,
we have used “giant” CdSe/CdS core/thick-shell quan-
tum dots [19] featuring nearly complete suppression of
blinking and fluorescence intermittency [20]. Figure 1b
displays the schematics of our experimental arrangement.
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FIG. 1. a) The layer arrangement of the metallo-dielectric
antenna. b) Schematic diagram of the experimental setup.
CdSe/CdS giant quantum dots are embedded in between two
polymer layers (PMMA and PVA) of the same index of re-
fraction, and a gold-coated end of a fiber is placed at vari-
able separations from the top. A laser beam (wavelength 532
nm) illuminates the sample through a 100x microscope ob-
jective. The emitted fluorescence is collected by the same
objective and guided to two avalanche photodiodes to mea-
sure the second-order correlation function g2(τ) or to a CCD
camera for back-focal-plane imaging. BS: beam splitter, DC:
dichromatic mirror.
The first component of the antenna consists of a sapphire
cover glass (refractive index n1 = 1.78). We then coat
this substrate with 200 nm of PMMA (refractive index
1.49), and spin cast quantum dots on this layer at a very
small surface coverage. Next, a 150 nm thick layer of
PVA (refractive index 1.5) is coated on top. Consider-
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FIG. 2. Characterization of the angular emission from a sin-
gle quantum dot in a dielectric antenna before the gold mirror
was added. a) Power distribution of the emission in the back
focal plane of the microscope objective. b) Theoretical fit
to the image in (a), yielding information about the emission
dipole moments (see text for more information). c) The signal
in (a) integrated over the angle φ plotted as a function of the
polar angle θ as indicated in (a). d, f, h, j, l, n) Experimental
measurements as in (a) but for six different settings of a po-
larizer angle in the detection path at 30◦ increments. e, g, i,
k, m, o) The corresponding theoretical predictions (not fits).
The white arrows indicate the orientation of the polarizer in
each case.
ing the similarity of the refractive indecies of PVA and
PMMA, we can treat these combined layers as the sec-
ond antenna medium with n2 = 1.5. The thickness of this
medium is measured using atomic force microscopy. The
third medium consists of air with n3 = 1. In this proof-
of-principle demonstration, we have decided to place the
metallic mirror at the cleaved end of a thinned optical
fiber so that we could vary its position at will. Quantum
dots are excited by a laser at λ = 532 nm (CW or pulsed),
and their fluorescence is collected using the same micro-
scope objective (Olympus Apo 100x, NA 1.65). The re-
sulting emission centered at the wavelength of 637 nm is
detected on a CCD camera or analyzed using a Hanbury-
Brown and Twiss coincidence setup.
The key function of the antenna is to redistribute the
radiated power by an emitter into a solid angle that can
be collected by a commercial microscope objective. To
investigate the angular emission pattern of a single quan-
tum dot, we imaged its intensity distribution at the back
focal plane of the objective. Figures 2a and 2b display
the experimental outcome and its theoretical fit, respec-
tively, for the dielectric part of the antenna without the
gold mirror. To arrive at Fig. 2b, we first determined
the ratio between the axial and in-plane dipole contri-
butions by fitting the data in Fig. 2c, which plots the
detected power integrated over the azimuthal angle φ as
a function of the polar emission angle θ (see Fig. 2a).
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FIG. 3. Theoretical and measured angular fluorescence signal of a single quantum dot in the antenna structure. Insets:
measured (top) back focal plane image and theoretical (bottom) simulations. a) no metallic mirror. b-e) in the presence of a
gold mirror placed at distances of d = 225 nm, 284 nm, 355, and 680 nm, respectively, from the top surface of the dielectric
antenna.
The agreement between the experimental (red) and the-
oretical (blue) traces is excellent. The slight deviation at
angles beyond 62◦ is caused by the unfortunate position
of a small scattering impurity on the detection optics (see
for example Fig. 2f.). Once the in-plane dipole contribu-
tion was extracted, it was further separated into x and y
components by fitting the image in Fig. 2a. We remark
that semiconductor nanocrystals are known to allow for
more than one independent dipole moment [21]. In the
case presented in Fig. 2, the axial, x, and y components
amounted to 44%, 21% and 35%, respectively.
Figures 2d-o present the polarization dependence of
the emission pattern obtained by placing a polarizer in
the detection path. In Figs. 2d, f, h, j, l, n we incre-
mented the orientation of the polarizer in steps of 30◦.
Figures 2e, g, i, k, m, o plot the corresponding theoreti-
cal predictions based on the dipole orientations deduced
from the fit in Fig. 2b. The excellent agreement between
the measured and calculated angular intensity distribu-
tions for all polarization projections without additional
fitting confirms the robustness of our analysis and the
assignment of the quantum dot emission dipoles.
The insets in Fig. 3a display the experimental (top)
back focal plane images of another quantum dot without
the gold mirror (i.e. similar to the case in Fig. 2a) as
well as the theoretical fit to it (bottom), while the main
graph in the figure shows the integration over φ. We now
introduce the gold-coated end of an optical fiber with a
diameter of about 15 µm. By using a piezoelectric scan-
ner, we could place the mirror at different separations
from the dielectric part of the antenna. The top insets in
Figs. 3b-e display the measured back focal plane fluores-
cence distribution for separations of 225 nm, 284 nm, 355
nm and 680 nm. The lower insets present the theoretical
predictions. We emphasize that once the data in Fig. 3a
were fitted, the following calculated images were obtained
by merely considering a gold mirror at the corresponding
measured separation. The main parts of the figures show
the detected power integrated over φ as a function of θ.
These data reveal that for large mirror-slab distance, the
part of the quantum dot emission reflected from the mir-
ror interferes with the downward emission to yield the
observed modulations. The remarkably good agreement
between the experiment (red) and theory (blue) verifies
the predicted contribution of the metallic mirror.
To quantify the effect of the gold mirror further, we
compared the photon flux with and without it. The leak-
age out of the far side of the dielectric part of the antenna
amounts to 4% for an axially-oriented dipole and 12% for
dipole moments in the antenna plane. We found that the
detected fluorescence signal was consistently 10% larger
in the presence of the mirror. This is in very good agree-
ment with the expected effect of 9.5% for this quantum
dot, which had 31% and 69% of its emission dipole in the
axial and planar components, respectively. We note that
the quantum dot was excited via total internal reflection
through the microscope objective to avoid fluorescence
from the gold mirror.
The studies presented above let us conclude that the
antenna fully meets its design specification, chosen to
yield more than 99% collection efficiency within a half
angle of 68◦ accessible to a microscope objective with
a numerical aperture of 1.65. This addresses an out-
standing bottleneck in the realization of deterministic
single-photon sources. What is now required is to excite
a quantum emitter using short pulses at a well-defined
repetition rate. However, a successful executation of this
scheme also requires an emitter that has a fluorescence
stability better than 99%. An ideal two-level atom would
satisfy this condition because it emits as many photons
per unit time as excitation pulses if these were spaced suf-
ficiently far apart with respect to the spontaneous emis-
sion lifetime. Unfortunately, a thorough examination of
the existing quantum emitters lead us to the conclusion
that this task is currently beyond reach due to limited
photophysical properties.
Over the past two decades, molecules, quantum dots
and color centers have been explored as single-photon
sources [9], whereby the term single-photon source has
become unanimous with a system that never emits two
photons at a time. However, scientists are yet to demon-
strate a source that would deliver a photon at an ex-
4pected time. Several issues have to be considered, and
in each system one or more of these pose problems.
First, a non-unity quantum yield would introduce ran-
domly missing photons. This issue is exacerbated by
the difficulty of determining quantum efficiencies with
one percent accuracy. Second, limited photostability is
prohibitive for practical applications and long-term us-
age. Third, at high excitation intensities the support-
ing medium often fluoresces at the level of a few per-
cent. Fourth, intermittent transitions such as intersys-
tem crossing or blinking introduce randomness. Fifth,
multiphoton absorption or multiexcitonic behavior might
compromise the two-level character of the emitter at high
excitation rates.
Conventional dye molecules fall short of these require-
ments because of bleaching and blinking although se-
lected systems have been shown to be unusually pho-
tostable [22, 23]. Atoms and ions in the gas phase are
not favorable because of the difficulty of trapping and
integration into compact devices. Color centers in bulk
diamond can be extremely photostable [24], but they also
suffer from intersystem crossing and blinking. In addi-
tion, color centers in nanocrystals have a large inhomo-
geneity in terms of quantum yield and fluorescence life-
time. Another alternative has been discussed in the con-
text of semiconductor quantum dots. Here one usually
distinguishes between epitaxially-grown nanostructures
and chemically produced nanocrystals such as CdS/CdSe
core-shell dots. The former offer excellent suppression of
two-photon emission, but they might confront various un-
desired states involving dark or charged excitons [25, 26].
Furthermore, good optical properties of these dots only
emerge at cryogenic temperatures. Standard core-shell
nanocrystals suffer from severe blinking, which makes
precise power calibration impossible. Giant core-shell
nanocrystals solve the blinking problem by suppressing
Auger recombination, but at high pump intensities they
can undergo transitions to biexciton and higher-order
multiexciton states, resulting in deviations from a strong
two-photon emission suppression.
In the current work, we have chosen the giant quan-
tum dots for their strong photostability and access to
several dipole moment components. Although these dots
do not blink in the common sense of experiencing on-
off states, Figures 4a and b show that the fluorescence
can fluctuate about a mean value at weak excitation and
flicker among different on-levels [27] under strong illumi-
nation. Furthermore, it has been previously shown that
significant suppression of Auger recombination in giant
quantum dots leads to efficient room-temperature biex-
citon [28] and multiple-exciton emission [29]. Figure 5
displays the second-order autocorrelation function deter-
mined from Hanbury-Brown and Twiss measurements at
low (a) and high (b) excitation powers. While antibunch-
ing is clearly observed in the former case, g(2)(τ = 0)
grows above 0.5 at high powers. We note that we have
verified that the reduction of the antibunching is not due
to residual background.
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FIG. 5. Antibunching curves recorded from a quantum dot
coupled to the antenna at excitation (pulsed) powers of 40
nW(a) and 1.19µW (b). The bin size was 3.2 ns.
In conclusion, we have demonstrated a planar metallo-
dielectric antenna that redistributes the photons from an
emitter in excellent agreement with its theoretical de-
sign, which predicts a collection efficiency larger than
99%. Such an antenna provides a crucial building block
of an ultrabright single-photon source that can deliver
up to several tens of million photons per second at de-
terministic times. Here, it will be crucial to reduce losses
in the emission and detection processes also to the per
cent level. Athough the photophysics of quantum emit-
ters and the quantum yield of detectors currently do not
meet this standard, the enormous recent progress in the
development of efficient single-photon counters [30] and
the synthesis of novel emitters [31, 32] promise to address
these issues.
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